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Studies conducted by constructing predictive models show that climatic conditions change significantly, including in the territory of the central forest steppe. Ongoing climate change is characterized by a significant increase in temperature (particularly of cold seasons), reduction of atmospheric precipitation for the warm period of the year, and, consequently, increasing frequency of droughts. According to hydrometeorological studies and environmental monitoring, these trends are likely to continue at least over the next 5-10 years (Matveev, Matthews 2009; Katsov et аl. 2011) .
To preserve the valuable forest resources it is necessary to have knowledge not only of their current status, but also of the changes that have occurred over a longer period. Trees are the living bearers and custodians of information recorded in the annual rings. Its interpretation using dendroclimatological methods allows identifying the factors that affect the wood growth in particular conditions (Douglass 1919; Bitvinskas 1974) .
Tree-ring based (dendroclimatic) studies are becoming increasingly important and they can be used to predict the growth of forest stands in connection with climate change (Elling et al. 2009; Sensuła et al. 2015; Solomina et al. 2017) .
The main forest-forming tree species in the South East European forest-steppe zone, including the Voronezh region, are English oak (Quercus robur Linnaeus) and Scots pine (Pinus sylvestris Linnaeus).
Sustainable livelihood of tree species depends not only on their biological properties but also on environmental factors. Therefore, the analysis of Supported by the Russian Science Foundation, Project No. 14-17-00171.
fluctuations of climatic conditions is very important in the evaluation of tree radial increment in the region and their resistance to adverse environmental conditions (Matveev et аl. 2017) .
The aim of the study was to identify the effect of temperature and precipitation distribution in the particular months of the year on the increment of Scots pine and English oak in the Voronezh region under conditions of changing climate and make a forecast of changes in stand growth and productivity until 2024.
MATERIAL AND METHODS
Study area. The study was conducted in two permanent research plots (PRP) that are situated in the plantations of the Russian Plain. The objects of research are natural pine stands of Usmansky pine forest, located in the territory of the Somovskoe forest area (PRP 1), coordinates of this research plot: 51°78'N, 39°34'E; plantations of English oak are growing in Pravoberezhnoe forest of the Scientific and Experimental Forest of Voronezh State University of Forestry and Technologies (PRP 2), coordinates of this research plot: 51°42'N, 39°12'E (Fig. 1) . PRP 1 is located in 100-year-old Scots pine stand of natural origin, in the type of forest growth conditions (FGC) "pine forest on moderately moist sandy loamy soils" (B 2 symbol on Pogrebnyak's scale) (Migunova 2017) .
PRP 2 -artificial stand of English oak, age of 57 years, (a form of trees with late disbanded leafing) is located in optimal growing conditions, in the type of FGC "oak forest on moderately moist clay soils" (symbol D 2 on the scale of Pogrebnyak).
The characteristics of stands determined by the authors are documented in Table 1 . The analysis of stands was provided in the year 2015.
Data sampling and analysis. The cores for dendrochronological analysis were selected in accordance with the generally accepted method (Drá-pela, Zach 1995; Shiyatov et al. 2000; Matveev 2001 ): cores were collected from 15 trees (2 cores per tree). After visual inspection, cores were excluded from further measurements (were rejected) if damaged, with defects that passed far from the centre.
As a result of the selection, 24 cores were selected and analysed on PRP 1 (Scots pine) and 22 cores were measured and analysed on PRP 2 (English oak).
Dating and tree ring width measurement were carried out on a LINTAB-6 table (RINNTECH, Germany) using the specialized software package TSAP-Win (Version 3.0, 1996) . Calculation of the tree-ring indices of increment was done in the TREND program (2012).
Programs STADIA (Version 6.2, 1999) and STA-TISTICA (Version 6.0, 2001) were used for performing calculations of the basic statistical characteristics of tree-ring series, width of annual rings, indices of radial increment, and hydrothermal coefficient. Statistical characteristics of tree-ring series included annual values of the coefficient of variation, standard deviation, the limit possible error in determining the average radial increment of stands for each year.
Correlation analysis and analysis of variance were carried out to determine the strength of relationships and calculation strength of the influence of climate factors on the radial increment of species under consideration. Using the Microsoft Excel program (Version 11.8404.8405, 2003 ) the dynamics of radial increment of Scots pine and English oak was modelled.
Standard statistical characteristics of tree-ring series include a signal-to-noise ratio (SNR) -it is an indicator of the intercorrelation of individual chronologies used to build a generalized chronology (Eq. 1):
where: N -number of individual chronologies in the series, r -average interseries correlation coefficient.
Climate indicators were taken by us in accordance with observations of weather station No. 34123 "Voronezh", geographical coordinates 51°40'N, 39°13'E, 149 m a.s.l. -http://meteo.ru/data (AllRussia Research Institute of Hydrometeorological Information -World Data Centre), http://www.pogodaiklimat.ru/monitor.php?id=34123, during the 30-year period of averaging adopted in climatology in comparison with the climatic norm , adopted on the recommendation of the World Meteorological Organization (Bulygina et al. 2010 ).
An important characteristic of the frequency of atmospheric droughts is the hydrothermal coefficient (HTC) which was proposed for the first time by the climatologist G.T. Selyaninov (Selyaninov 1928; Strashnaja 2011) . This index demonstrates the relationship between air temperature and precipitation during the period with active plant growth, and it was calculated using Eq. 2:
where: P -precipitation (mm), T* -mean temperature for the months with daily temperature above 10°C.
In the city of Voronezh and in the Voronezh region, the period with average monthly temperature above 10°C extends from the May to September, which was used for HTC calculations here. 
To model and predict the radial increment, we constructed an additive model described by a sinusoidal function, using a polynomial trend instead of a linear one, which allows to significantly reduce the model error. The function is described by Eq. 4:
where:
RESULTS

Statistical characteristics of the studied generalized tree-ring series
In assessing the validity of measurement data on the width of annual rings (t a ) for each calendar year by Student's t-test (t), the actual values of Student's criterion exceed the standard value (t st = 2.18) for a confidence level of 0.95, i.e. the average value of the width of annual rings is measured reliably.
Statistical characteristics of the studied generalized tree-ring series are shown in Table 2 .
The coefficient of variation of radial increment of all the studied samples varies in separate years between 8.9 to 58.1%. The probable error of determination of the average increment (width of annual rings) does not exceed 10%.
The calculated SNR for pine was 127, and 47 for oak, i.e., generalized chronologies contain high variability due to the influence of climate factors (studied trees are sensitive to changing climatic conditions).
Analysis of the dynamics of climatic parameters
The average annual values of average (T avg. ), minimum (Т min. ) and maximum (Т max. ) air temperatures, amount of precipitation (P sum of avg. ) according to the "Voronezh" weather station for Dynamics of the average sum of precipitation for the April-September period shows the same trends as the average annual amount: it is 337 mm for 1961-1990, and 353 mm for 1987-2016. In the studied region there is a continuous intensive increment of mean annual air temperature, mostly due to increasing winter temperatures, and a relatively small increase in the average annual amount of precipitation in the background of their cyclical fluctuations.
The dynamics of average annual air temperatures shows an increasing amplitude from 1961 to 1989 and reaches a maximum in 1987-1989 (3.7-8.2°C ), whereas since 1989 the amplitude has decreased, but an intense uptrend is manifested (Fig. 2a) . Since 2007 the average annual temperature did not fall below 7°С and in 2015 the record value of 8.7°C was observed.
It should be noted that there is a significant variation in rainfall by calendar year in the Voronezh region for the whole period of observations at the "Voronezh" weather station: from 263 mm in 1891 to 874 mm in 2012. Irregularity in rainfall is also characteristic of the warm period. Total precipitation for April-September in 2009 was 182 mm, in 2012 -556 mm (64% of the anomalous annual amount), and in 2014 -only 227 mm again. and present time .
As the graph shows, there is a weak upward trend of HTC on the background of a high amplitude of absolute values from 1961 to 1990 (especially in 1979-1981) . To date, from 1987 to 2016, the trend is a weak pull-down, the amplitude of absolute values is below, but there is an increase in the amplitude of the values after 2010, characterizing the instability of climate in general. The absolute range of HTC values in the Voronezh region from 1961 to 2016 varies from 0.52 to 2.24, which also indicates the instability of climatic conditions in the region.
Influence of limiting climate factors on radial increment of wood
Correlations of the tree-ring indices of Scots pine with climate factors (air temperature and total precipitation at the "Voronezh" weather station) over the months of the year are shown in Fig. 3a . Fig. 3a shows that the increment of pine has the closest relationship with precipitation in AprilAugust. Precipitation of winter and spring months also has a positive effect on annual increment that is caused by the limiting value of moisture supply for the spring period. In 1961-1990, the limiting value of the air temperature had a large influence on the increment of pine, especially in FebruaryMarch. Currently, the role of precipitation has increased and this is confirmed by higher correlation coefficients of April-May for 1987-2014. In these two months the relationship reached its maximum and was 0.32 and 0.42 in , and it was 0.36 and 0.49 in 1987-2014, respectively.
The decrease in the values of correlation coefficients (both positive and negative) with temperature indicates the optimization of temperature regime in the last 30 years, particularly the increase in temperature for January-March, and the decline in their limiting role in the increment of pine in the region. i sr -average annual increment, SD -standard deviation, CV -average value of the variability of individual chronology, P sr -limit possible error in determining the average radial increment of stands for each year, SNR -signal-to-noise ratio Cyclical fluctuations in radial increment of English oak in the Voronezh region are also associated with response to climate conditions. A significant decrease in the overall increment was identified in 1962, 1971, 1972, 1983, 1985, 1999, and 2010 . Higher values of the tree-ring indices were noted in the following years : 1961, 1978, 1992, and 2006 . Increment depression is mainly due to summer drought with temperatures above average standards and rainfalls which are less than average annual norms. Periods with high radial increment were noted in the years with low air temperatures and average annual rainfall, exceeding regular amounts.
The precipitation of the autumn-winter period and weather conditions at the beginning of the active growing season in April and May were of great importance for the radial increment of oak on PRP 2 (Fig. 3b) .
In , the limiting influence of air temperature on oak increment was great, especially in March. In 1987-2014, tree-ring indices of oak showed a significantly lower correlation with March temperatures (the difference between the correlation coefficients was statistically significant for a confidence level of 0.95), but a slightly higher correlation with temperatures of February and July.
As the analysis of variance has shown, considered factors are in the following order according to the force of the influence on radial increment of pine and oak: HTC, precipitation for April-September, temperature, i.e., combined effects of temperature and rainfall are higher than the effects of each factor separately (Table 3) .
Since the actual values of Fischer's criterion for all the considered factors are higher than for the standard (critical) one (F f > F st ), for a confidence level of Р-value < 0.05, it can be argued that the influence of climate factors (precipitation for AprilSeptember; HTC) on radial increment is significant. Consequently, the radial increment of stem wood is an integral indicator of the response of tree species to limiting climate factors. 1963 1965 1967 1969 1971 1973 1975 1977 1979 1981 1983 1985 1987 1989 1991 1993 1995 1997 1999 
Modelling and forecasting
The prediction of biological processes is an important actual area of ecological research. Tree-ring chronologies are used both in intrasystem prediction, when we forecast only increment of wood, and in intersystem prediction, when the tree-ring chronology, together with other solar and geophysical data is used for reconstruction and prediction of climate, ecological and other natural processes (Comin 1990) .
To forecast the radial increment of Scots pine and English oak for a 10-year period (until 2024), we built an additive model of time series. We applied the 11-year cyclical component in the construction of the combined mathematical model. The constructed models of increment and the increment forecast are presented on the charts for Scots pine and English oak (Fig. 4) .
DISCUSSION
Studies of the response of radial increment of trees to climate factors were carried out in different climatic regions (Agafonov, Kukarskikh 2008; Novák et al. 2010; Matveev, Chebotaryov 2012;  Rohner et al. 2016; Králíček et al. 2017; . Studies of Scots pine and English oak revealed a predominant influence of precipitation on the dynamics of their increment (Zhang et al. 1994; Rubtsov, Utkinа 1995; Matveev, Chebotaryov 2012 , Milenin 2012 ) and a joint impact of temperature and precipitation on it (Glyzin, Dorganova 1999; Magda, Vaganov 2006 ) was revealed. It should be noted that Bitvinskas (1974) in the context of Lithuania did not find a correlation between the increment of pine and average temperatures for May-August. Lazurenko (2002) , in the Voronezh region, observed a moderate effect of June temperature (the correlation coefficient was -0.18). Our research has shown an even more significant value of June temperature for the climate normal period (1961 to 1990) (the correlation coefficient is -0,29), but for the period 1987-2014 the correlation of Scots pine increment with May-August temperatures has significantly decreased, with an increasing influence of precipitation.
CONCLUSIONS
As the conducted studies showed, radial increment of native tree species of the Voronezh region (Scots pine and English oak) depends not only on the amount of precipitation for the year, but also on the nature of their distribution by seasons and separate months. The closest relationship was observed with precipitation for April-May in the increment of pine and oak. The correlation with summer rainfall is less significant, especially for oak. Winter precipitation also has some positive impact on annual increment, due to the limiting value of moisture supply for the spring period. In 1961-1990, the limiting influence of air temperature was great for pine and oak growth, especially in February-March. In 1987-2014 the correlation coefficients of pine growth with air temperatures were considerably reduced. The values of correlation coefficients of oak growth with March temperatures declined significantly, but the values of the negative correlation with temperatures of February and July increased.
The decrease in the values of the correlation (both positive and negative) of pine increment with the air temperature indicates optimization of temperature regime in the last 30 years, particularly the increase in temperatures for January-March and reduction of their limiting role. Currently, the role of precipitation, particularly in April and May, has increased in the increment of stem wood of native tree species of the Voronezh region, which is confirmed by higher correlation coefficients for 1987 to 2014. As it is shown by the analysis of variance, the joint effect of temperature and precipitation on radial increment of pine and oak is higher than the influence of each of these factors separately.
The simulation results of radial increment of native tree species of the Voronezh region (Scots pine and English oak) have identified the following. If the observed trends persist in the climatic regime of the East European forest-steppe (significant increase in winter and annual average air temperatures, weak increase of precipitation on the background of their cyclical fluctuations) the response of the studied tree species in 2017-2024 will be different. Probably, radial increment of the stem wood of English oak will remain at the same level, whereas fluctuations in the increment of Scotch pine will occur at a lower level.
